Two cladding methods for NdFeB powders, i.e., the modified organic silicon (MOS) cladding and the dichromate passivation reducing (DPR) cladding are exploited respectively for the preparation of polymer-bonded magnet and metal-bonded magnet. The effects of their cladding conditions and coating compositions, together with the effects of modifying additives are discussed. Compared with the conventional polymer-bonded magnet, MOS polymer-bonded sample shows better comprehensive properties including magnetic properties, compression strength and corrosion resistance. Providing a feasible method for Nd-Fe-B type metal-bonded magnet, DPR Sn-bonded NdFeB magnet presents superior compression strength despite a little inferior magnetic property.
Introduction
Compared with the sintered magnet, the polymer-bonded magnet has the advantages of lower cost, lighter weight and easier processing in complicated shape and with good accuracy. Up to now, it has established a significant commercial presence by an increasing market of 20% annual rate. 1) This promising magnet is commonly prepared by blending the silane-treated NdFeB powders with the polymeric binder such as epoxy resin.
2) Surface modification with a silane-coupling agent improves the dispersion of NdFeB powders, which is a critical factor in controlling the magnetic and mechanical properties of bonded magnets. In this work, a modified organic silicon (MOS) cladding method is developed to improve the properties of the polymer-bonded magnet. Moreover, the chemical conversion technique, normally used in the surface protection of the bulk materials, is also exploited to prepare the Sn-bonded magnet in order to expand application of bonded NdFeB magnets.
Experimental Procedure

Materials
The study is carried out with the rapidly solidified powders (MQP-B, produced by Magnequench International Inc.) as magnetic fillers, diphenylol propane epoxy resin (E-44) and metal tin as binders. E-44 is also used as a modifier to propyltrimethyl silane-coupling agent (KH560). Some chemical reagents, such as K 2 Cr 2 O 3 , NaHSO 3 , HCl, NaOH, are performed for DPR cladding.
Preparation of coated powders and evaluation of
oxidation resistance Prior to any coating treatment, the powders are washed firstly in acetone to provide the clean and degreased surface. Then they are coated respectively according to the following methods.
Method 1 (MOS method): The magnetic powders are dipped for 24 h in acetone solution of KH560 modified with E-44 in different ratios listed in Table 1 , then dried and labeled as series A.
Method 2 (DPR method): The magnetic powders are firstly put into the K 2 Cr 2 O 3 solution (1% concentration) and mixed sufficiently for 0.5 h. Concoct the solution with HCl (1% concentration) to pH = x, then add the proper quantity of NaHSO 3 solution (1% concentration) and mix it adequately again. NaOH solution (1% concentration) is used lastly to make pH = y. The co-solution has been demonstrated to be safe. 3, 4) Keep the magnetic powders immersed for 0.5 h before washing them in the distilled water and drying them at 50 C. They are labeled as series B, which are listed in Table 2 .
For the high processed temperature of the metal-bonded magnet, DPR powders are firstly evaluated by the thermooxidation and weight increasing method. TGA (Thermogravimetry Analysis) is also used to compare the oxidation behaviors of the different coated NdFeB powders. The heating rate of TGA is 10 C/min from room temperature to 400 C with nitrogen as the purge gas.
Preparation of the bulk samples and properties tests
Powders of series A are mixed with epoxy resin uniformly and pressed in a mold at the pressure of 300 MPa with a size of 15 mm Â 8 mm. Then these green compacts are cured at No.
x 1 4 1 4 y 9 9 13 13 70 C for 2 h. Powders B and tin powders are mixed by ball milling in the medium with rosin ester as special additive for the better dispersion. The two-direction pressing is performed on the mold at the pressure of 300 MPa with a size of 15 mm Â 8 mm. Then the compacts in mould are heattreated a little beyond 232 C (melt point of tin) for 1.5 h. The secondary pressing is applied before releasing the sample from the mold.
Corrosion resistance of MOS polymer-bonded magnets is examined by the 3% NaCl solution concocted with HCl to pH5. Magnetic properties of samples are measured in the NIM2000HF hysteresigraph test machine (the device that can give the values of B r , b H c , j H c , ðBHÞ m , H k and the magnetic hysteresis loop, produced by National Institute of Metrology, P. R. China). Compression strength is tested in a 60 kN universal-testing machine.
Results
Oxidation resistance of the powders
Measurement of weight gain caused by thermal oxidation of the powders is firstly applied to optimize the experimental parameters of DPR clad powders (series B). Figure 1 shows the more serious oxidation behavior of B 1 , B 2 than that of B 3 and B 4 with increasing temperature.
TGA curves obtained from the different clad powders are shown in Fig. 2 . For comparison, the uncladed NdFeB powder is also tested.
It can be seen from Fig. 2 that the obvious weight gain of the unclad NdFeB powders begins early at about 80 C and rises steadily with increasing temperature. The onset temperature of sample A 0 at which the weight gain of powders begins is postponed to 190 C and that of sample A 1 to 260 C, indicating an improved oxidation resistance by MOS method.
Compared to the silane-treated samples A 0 and A 2 , DPR sample B 4 presents the better oxidation resistance performance with the onset temperature above 260 C and a much slower weight growth rate in high temperature, which surely protects the powders from oxidation in the metal-bonded process.
Magnetic properties and compression strength
Magnetic properties and compression strengths of samples for two series are listed in Table 3 . samples shown in Fig. 1 . Compared with sample A 0 , B 4 presents the slightly lower magnetic properties and density but the great improvement in compression strength.
Acidic brine corrosion test
After being dipped in acidic brine for 24 h and dried at 70 C, samples of series A are examined for magnetic performances and compression strength again. The results are shown in Table 4 and Fig. 4 .
From Fig. 4 it can be seen that the MOS samples A 1 , A 2 , A 3 show the much less decrease of magnetic properties than the pure silane-treated sample A 0 after the corrosion test.
Discussion
Mechanism of MOS method
The pure silane-coupling agent, R n SiX 4Àn , acts as a bridge between metal surface and organic binder with its two functional groups: X group, alkoxyl group that can have condensation reaction of dealcoholization, reacts with -OH group absorbing on the metal powder's surface to form the covalent bond -Si-O-M. R group, phenyl group that can't hydrolyze, reacts with the organic resin binder.
It is known that the performance of the silane resin is decided by its ratio of phenyl against alkoxyl.
5) The directional and steric effect of phenyl for its comparatively big bulk will decrease the flexibility of the silane branch but increase the thermal stability and oxidation resistance as well as the compatibility with the binder.
6) The new cladding agent modified by E-44 that changes the ratio of alkoxyl against phenyl successfully improves the oxidation resistance of NdFeB powders and the connection between fillers and polymer-binder. Figure 3 shows a jump of compression strength and the little increase of magnetic properties with the increasing epoxy resin modifier (A 0 to A 3 ). These achievements are attributed to the graft copolymerization between the phenyl of the epoxy resin modifier and the carbon branching chains of KH560. The reaction can ameliorate the cross-linking degree of the coupling agent and the binder. Moreover, this multi-branch structure can effectively separate the magnetic powders to improve their dispersion in polymer binder.
Mechanism of DPR cladding
Due to the powerful oxidizing properties of dichromate, the following oxidation reactions will perform when NdFeB powders are immersed in the solution:
The colloidal productions of Cr(OH) 3 , Fe(OH) 3 as well as Nd(OH) 3 , which can not be dissolved, deposit uniformly on the surfaces of NdFeB powders. Then synthesis of the film occurs when these powders are drying according to eq. (5): 7) Cr(OH) 3 
The main compositions of dichromatic film are the indiscerptible compounds of Cr 3þ and Cr 6þ ions. The stable compound of Cr 3þ ions constructs the film as the solid matrix with the good strength, while compound of Cr 6þ ions fills in the framework to form a compact barrier on the powder surface. Because of the powerful oxidized property of Cr 6þ compound, this dichromatic film can instantly self-repair the flawed regions in the oxidizing atmosphere, which protects NdFeB powders from continuous corrosion or oxidation.
8) It
indicates the DPR method is not only the physical cladding process but also the chemical protection that brings on the better oxidation resistance property than the conventional cladding method does. As Fig. 1 shows, proportion of Cr 6þ and Cr 3þ in the solution can be controlled by changing pH value, which is a key factor to form the compact passive film on the surface of NdFeB powder without small opening pores. In this experiment, HCl, NaHSO 3 and NaOH solution are used succes- sively to adjust pH value to proper level and to promote the reducing reaction from Cr 6þ to Cr 3þ . It seems that pH range at 4 to 13 such as the parameters of sample B 4 is found to be most effective. When reductant NaHSO 3 is added into the acidic solution of dichromate, the reducing reaction from Cr 6þ to Cr 3þ is promoted as eq. (6), so the enough Cr(OH) 3 deposit can be obtained as eq. (7) to form compact passive film.
Conclusions
As results show, the good magnetic, mechanical properties and corrosion resistance results are obtained on MOS polymer-bonded magnets. It is noteworthy that the compression strength value of the MOS samples A 3 is almost 70% higher than that of the common polymer-bonded sample A 0 . As for the DPR metal-bonded samples, the ultra-thin, stable inorganic coating on the NdFeB powders shows the good adhesive ability with metal binder and can endure the high operation temperature due to the excellent oxidation resistance in high temperature. Although the DPR samples present somewhat inferior magnetic properties, this process exactly extend the applications for bonded NdFeB materials.
